We are creating a class of autonomous lowpower silicon articulated microrobots fabricated on a 1cm 2 silicon die and mounted with actuators, a controller, and a solar array. By taking advantage of the high force-density of electrostatic actuators in the micro scale, low-power actuators can be made for microrobots. A micromotor with an energy efficiency of 4%, that uses CMOS-compatible supply voltage, and has a motion resolution of 2µm has been demonstrated in a volume of 0.015mm 3 . Articulated two degree-of-freedom legs with built-in mechanical couplings have been fabricated in a commercial micromachining foundry (MUMPs) and successfully assembled. Low-power CMOS electronics will be used to control the robot locomotion and a solar array chip will be used to power the microrobot.
Introduction
Microrobotics has always been one of the aspirations of micromachining. In fact, the first micromachining workshop was sponsored by the IEEE Robotics and Automation Society in 1987 [1] . The ability of micromachining to integrate sensors and actuators with ever-shrinking electronics leads to the tantalizing possibility of creating millimeter-sized autonomous microrobots. One of the challenges of creating microrobots in micromachining is making 3-dimensional structures from an inherently 2-dimensional process. A solution to this problem was introduced in 1992 when Suzuki et al [2] demonstrated a flexural microhinge and Pister et al [3] demonstrated a pin-inslot microhinge which allows planar microstructures to be folded into fully 3-dimensional shapes. Suzuki et al proposed folding hinged silicon plates to form an insect exoskeleton [2] . Continuing along this bio-inspired design, Yeh et al created microrobotic components such as rigid links, mechanical couplings, and electrostatic motors in a commercial micromachining foundry [4] . Using these components, an insect-like articulated microrobot with multiple DOF legs could be built. Kladitis et al proposed a simpler microrobot design using arrays of hinged thermal actuators to serve as a 1-DOF leg [5] . Ebefors et al continues along the same idea and creates the first walking microrobot from two arrays of thermally actuated 1-DOF legs [6] .
II. Robot Design
Micromachining allows us to create microrobots smaller than 1cm 3 . With features sizes in the submicron range, designers can scale down the microrobot components further than in conventional robotics. In addition, micromachining opens the possibility of fabricating microrobots in large batches. One difficulty of micromachining microrobots is that off-the-shelf components are not readily available. Almost every component has to be designed and developed from scratch. Fig. 1 depicts the different components of our microrobot. These components are fabricated from different silicon processes. The microrobot will have six 2 degree-of-freedom (DOF) legs created from a commercial surface-micromachining foundry, MUMPs [7] . A system diagram showing one of the legs is shown in Fig. 2 . The 2-DOF legs will be actuated by electrostatic actuators, controlled by low-power CMOS electronics mounted on the underside of the microrobot, and powered by a silicon solar array chip mounted on the top side of the microrobot.
The six legs of the microrobot will allow us to implement a stable alternating tripod gait. To make post fabrication assembly of the legs easier, the joints on the 2-DOF legs are designed to be collinear. As a result, the microrobot would move sideways as shown in Fig. 3 .
III. Actuators
One of the fundamental issues in microrobotics design is creating actuators with requisite power density (W/kg 3 ). Specifically, the microrobot should generate enough power to overcome its own weight. Various micromachined actuators based on the principles of electromagnetics, electrostatics, thermal expansion, shape memory effect, and piezoelectrics have been developed over the years. A detailed survey of each of them is beyond the scope of this paper, but good reviews can be found in [8] [9] [10] . An examination of the various types of micromachined actuators indicates the difficulty in finding a suitable actuation method for autonomous microrobots. Piezoelectric actuators produce large force with low power but require high voltages (~100V). Such high voltage requirement cannot be easily provided by on-board energy sources such as batteries or solar cells nor are they easy to integrate with CMOS electronics. Thermal and shape-memory alloy actuators tend to be robust and easy to operate but dissipate large currents (at least tens of mA) which also cannot be easily provided by on-board energy sources. Though electromagnetic actuators dominate in the macro scale due to their high energy density [11] , they are hard to scale down because the need to generate a high magnetic field often requires an external magnet and/or high current.
In contrast, electrostatic actuators can dissipate low amounts of power because they do not draw direct current.
Electrostatic actuators, on the other hand, can be designed to dissipate no power when exerting a force without displacement. Furthermore, micromachined electrostatic actuators enjoy the Paschen Effect [12] which predicts that the breakdown electric field increases with decreasing dimensions. This allows electrostatic actuators to possess a higher power density in the microscale. Although the power density drops with increasing displacement for electrostatic actuators, an inchworm drive technique can be used to maintain both high power density and large displacement [4] . Lastly, electrostatic actuators can be fabricated with common silicon processing materials, making them easier to fabricate. Step size
Step size Fig. 3 . Diagram of the microrobot gait. During a gait cycle, the forward leg picks up, kicks out, lowers, and pulls the robot forward.
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Given these advantages, we chose electrostatic actuation for our design.
A. Electrostatic actuation
The type of electrostatic actuator we are using is the gap-closing actuator (GCA). As shown in Fig. 4 , the GCA is essentially a variable parallelplate capacitor where one plate (or beam) is anchored and the other is supported by a spring and connected to the load. When a potential is applied between the two beams, an electrostatic field is generated between the gap, and the supported beam is pulled toward the anchored beam, closing the gap between them. The electrostatic force generated by the GCA is approximated by:
where t and l are the thickness and length of the beams, respectively, d and V are the gap and voltage between the beams, respectively, and ε is the permittivity of air. To generate higher force densities, the gap should be as small as possible and the voltage as large as possible.
If we apply a small voltage to the GCA, the moving beam will move towards the anchored beam until it reaches an equilibrium point where the spring restoring force equals the electrostatic force. At a critical voltage (pull-in voltage), the system becomes unstable and the supported beam snaps into the anchored beam. The supported beam can move about one third of the initial gap before it pulls into the anchored beam [14] . To prevent the two beams from shorting after pull-in, a gap stop is used. The gap stop is in equipotential with the supported beam and is placed such that the supported beam will contact the gap stop before it contacts the anchored beam. The final gap between the supported and anchored beams after pull-in is defined by the gap stop position and can be a fraction of a micron. At this gap distance, a large electrostatic force is maintained without dissipating power. This is an advantage during moments when the robot needs to hold a position. Large arrays of GCAs can be fabricated in parallel to generate mN of force.
B. Scaling Effects
We next examine the effects of scaling on the electrostatic actuator. If the dimensions of the actuator are scaled isometrically, how do the relevant forces scale? Let all dimensions of the actuator be defined as a multiple of the critical dimension, λ.
Actuator Force.
From Eqn. 1, we find that the dimensions of the GCA cancel out leaving the electrostatic force to be proportional to the voltage squared:
If the voltage exceeds a critical value, the two beams will bend towards each other and short out despite the gap stop. That critical value can be calculated with [15] :
where E is the Young's modulus of the silicon and w is the width of the parallel plates. By substituting eqn. 2 back into eqn. 1', we find that force scales as:
Frequency.
The resonant frequency can be approximated by:
Dissipative Forces.
The actuator has to overcome the forces of gravity, squeeze-film damping in the gap, and the restoring 4 . Diagram of the gap-closing actuator used in the microrobot.
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forces from the spring supports. The gravitational force scales as:
The squeeze-film damping forces scales as [16] :
where µ is the viscosity of air. The resistance of the spring supports is given by:
Note that all of the dissipative forces scale favorably as λ decreases.
Power Density.
The power density scales as:
where ∆ is the displacement of the actuator per cycle. From the above discussion, we find that it is favorable to scale down the size of the robot for higher power densities and lower dissipative forces. However, we are limited by how small we can make the microrobotic parts. The power density can be improved by removing as much of the supporting silicon substrate as possible. Using micromachining techniques, we are currently using a λ of 3µm for our microrobots. If we assume that half of the actuator mass is from support structures and if there is no external load then we have an upper limit power density of 130W/kg (3 x 10 5 W/m 3 ). This is a few orders of magnitude above the power densities of micromachined linear magnetic actuators reported in [8] . If λ improves to 0.1µm, then the power density increases to about 4kW/kg (9 x 10 6 W/m 3 ). This is comparable to the high power densities of off-theshelf rotary magnetic drives reported in [8] .
C. Inchworm Motors
Although GCAs have a high power density, the maximum displacement is limited by the gap. If we increase the gap to maximize actuator displacement, the force would decrease quadratically (Eqn. 1). To maximize both force and displacement, the actuator arrays are implemented in an inchworm motor configuration (Fig. 5) . The motor consists of two x-y actuators and a sliding shuttle. The x-y actuator consists of a pawl connected to two sets of orthogonally oriented GCA arrays. The actuator arrays are oriented orthogonally so that the pawl can be moved in the x-y direction. To move the shuttle, the pawl engages the shuttle using the x-GCA array and then pushes or pulls the shuttle using the y-GCA array. During the inchworm cycle, the two x-y actuators alternately move the shuttle to accumulate large displacements incrementally (Fig. 6 ). This technique decouples the actuator force from maximum displacement. The resolution of the displacement is defined by the gap-stop in the actuator. Fig. 7a shows a prototype inchworm motor which displaced a spring-supported shuttle by 48µm in 12 cycles with 2µm resolution. The displacement was not force-limited but limited rather by the particular shuttle design. The x-y actuator is shown in Fig. 7b . In this prototype design, there are 38 GCAs in the y-array and 12 GCAs in the xarray. Approximately 12V was used to engage the pawl to the shuttle (x-GCA array) and ~6V was used to move the shuttle (y-GCA array). There are 2µm-wide gear teeth with 2µm-wide spacing on the pawl and shuttle to prevent the pawl from slipping against the shuttle.
IV. Power requirements
In this microrobot design, power is dissipated mainly in the actuators and the CMOS controller. To calculate the power dissipated in the actuator, we estimate the forces needed to overcome the weight of the microrobot and adhesion forces in the moving parts of the microrobot. If we thinned both the 1cm 2 MUMPs chip and the 1cm 2 solar array chips, the combined weight of all components is approximately 0.5mN. Next, we measured the adhesion forces of test structures to be up to 100µN [18] . We arbitrarily multiplied the adhesion forces by a safety factor of ten to arrive at the estimated force of 1mN. Thus, each actuator should provide 1.5mN (weight + adhesion) of force.
The power dissipated in the GCA is:
where C is the total capacitance of the GCAs and f is the frequency of operation. To produce 1.5mN of force using a 30V supply and a 3µm initial gap in the GCAs, an initial GCA capacitance of 10pF is required (see Eqn. 1). If the final gap is one third of the initial gap, then the final GCA capacitance will be three times the initial capacitance. If we operate the GCA at 1kHz, then the power dissipated in the x-y actuator will be 27µW. With six 2-DOF legs and each DOF actuated by a motor, we need 12 motors. The total power dissipation for the microrobot motors will be 324µW. In addition, the CMOS controller will dissipate approximately 17µW [19] . Finally, we estimate the power dissipated in the parasitics (bond pads and wires in the motors and controller) to be approximately 54µW. By adding all the power expenditures, the total power dissipation comes to roughly 395µW.
V. Articulated Rigid Links
We now move on to the design of the articulated legs. Each 2-DOF leg in our design has two rigid links connected by revolute joints realized through microhinges. These hinges are created with two structural layers [3] and can be fabricated in MUMPs. The main requirement of the rigid links is to support the weight of the microrobot. Since micromachining is inherently a planar process, the most straight-forward way to create a link is to fabricate flat beams. However, because the two poly crystalline silicon layers in MUMPs are only 2µm and 1.5µm thick, a long flat beam used as a link would not be rigid enough to support a x-GCA array y-GCA array
chip. Our approach is to create hollow triangular beams (HTB) by "folding" up three flat polysilicon plates (Fig. 8) [4] . By connecting n-links in series using hinges, we can create an n-DOF leg. One of the challenges of the leg design is to fabricate the leg on the chip and then have the leg access the ground. The simplest design we have so far is to use the 2-DOF leg in Fig. 2 and then flip the chip over so that the chip is resting on the legs. This design also allows us to mount a larger solar array chip on the un-used side of the MUMPs chip. A 400µm long HTB has been shown to be able to support 25mN of axial load, which is equivalent in weight to twenty-five 1cm 2 silicon chips [4] .
VI. Mechanical Couplings
To actuate the leg, each link needs to be coupled to an actuator through mechanical couplings. The mechanical couplings are constructed from sliders, lever arms, and connecting-rods [4] . To couple the first link of the 2-DOF leg, we use a slider crank (Fig. 9) . The slider, which will be connected to the inchworm motor shuttle converts linear motion to rotation at the first joint. To couple the second link of the leg, we need a 2-DOF mechanical coupling. To provide this extra DOF, we use a five-bar linkage with a sliding crank (Fig.  10 ). Fig. 11 shows a close-up SEM of the first link in the 2-DOF leg and the mechanical couplings.
VII. Power source
Power for the microrobot will be provided by a solar array chip from a related project [19] . The solar cells can be custom-made in a standard CMOS fabrication laboratory giving us an extra degree of control over the size of the energy source. The limit of silicon solar cell efficiency is approximately 26% in air mass 1 [20] . In air mass 1, the solar power density is about 100mW/cm 2 . By assuming that we can achieve a modest 10% Fig. 12 shows a photograph of the solar array chip next to the MUMPs chip. Note that the MUMPs chip contains legs that are assembled, partially assembled, and unassembled.
VIII. Controller
Our long term goal is to create a microrobot with sensors that will allow for closed-loop control. However, as sensors are not yet available, our intermediate goal is to design an open-loop controller. We will use a CMOS controller modified from work in a related project [19] . The controller will have logic for a simple finite state machine, a clock generator, and a charge pump (Fig. 2) . The motion of each leg, as shown in Fig. 3 , will be mapped out in configuration space and discretized into n-points. Since joint rotation is achieved by a slider crank as shown in Figs. 9 & 10, each point in configuration space (θ 1 (t), θ 2 (t)) can be mapped into slider displacements (∆ 1 (t), ∆ 2 (t)). The n-displacements for each leg will be hardwired into the finite state machine output. To command walking, the finite state machine will send a sequence of control signals to each of the motors on the microrobot.
IX. Gait Speed
The gait speed can be calculated by dividing the horizontal step size (∆x) of the leg by the period of the leg cycle (T). If in each leg cycle, the leg picks up by 50µm, kicks out by 100µm (∆x), lowers by 50µm, and pulls the body forward by 100µm (see Fig. 3 ), then the leg has to move 300µm per leg cycle. With the current design, the GCA-to-leg displacement ratio is approximately 1:10. So the GCA arrays must generate a displacement of 30µm per leg cycle. At a GCA gapstop size of 2µm and operating at a frequency of 1kHz, it would take 15ms to complete a leg cycle. This means the gait speed will be 100µm/15ms ≅ 7mm/s.
X. Assembly
Another challenge in creating a microrobot is assembling the parts. In previous sections, we've described rigid links with revolute joints, mechanical couplings, motors, solar cells, and a CMOS controller. The task remains to assemble these parts into a single body. Due to the limited space in this paper, we will not go into details of our proposed assembly process. The key technique in the assembly process is flip-chip bonding [17] which allows micromachined devices to be transferred from one substrate to another. This allows motors to be made on SOI wafers for increased device layer thickness (higher forces) and then transferred to the mechanical couplings and 2-DOF legs on the MUMPs substrate. Since it is desired to reduce the mass of the microrobot, much of the MUMPs and solar cell substrates will be thinned down to about 100µm. After the components are mounted, electrical connection will be made by wire bonding. Finally, the legs are then assembled at a probe station equipped with sharp needles mounted on tri-axial manipulators.
XI. Conclusion
Creating an autonomous microrobot by combining microsensors, microactuators, and microelectronics technologies is quickly becoming a reality. Actuation power density is one of the key design considerations. Electrostatic actuators offer many advantages including a power density that scales favorably with smaller dimensions. Micromachines offers the ability to exploit that scaling effect with feature sizes down to the submicron range. We presented a micromotor with high power density and large displacement. The motor will be coupled to articulated 2-DOF legs, controlled by low-power CMOS electronics, and powered by a silicon solar cells.
